There is growing concern that non-native plants cultivated for bioenergy production might escape and result in harmful invasions in natural areas. Literature-derived assessment tools used to evaluate invasion risk are beneficial for screening, but cannot be used to assess novel cultivars or genotypes. Experimental approaches are needed to help quantify invasion risk but protocols for such tools are lacking. We review current methods for evaluating invasion risk and make recommendations for incremental tests from small-scale experiments to widespread, controlled introductions. First, local experiments should be performed to identify conditions that are favorable for germination, survival, and growth of candidate biofuel crops. Subsequently, experimental introductions in semi-natural areas can be used to assess factors important for establishment and performance such as disturbance, founder population size, and timing of introduction across variable habitats. Finally, to fully characterize invasion risk, experimental introductions should be conducted across the expected geographic range of cultivation over multiple years. Any field-based testing should be accompanied by safeguards and monitoring for early detection of spread. Despite the costs of conducting experimental tests of invasion risk, empirical screening will greatly improve our ability to determine if the benefits of a proposed biofuel species outweigh the projected risks of invasions.
Introduction
Rising energy prices and the increasingly recognized role of fossil fuel consumption in climate change have driven the recent development of second-generation biofuels. However, concern is growing over the possibility of unintended environmental impacts from the hasty adoption of novel biofuel feedstock crops (Demirbas 2009). One of the primary concerns is that introduced biofuel crops will result in escapes Content from this work may be used under the terms of the Creative Commons Attribution-NonCommercialShareAlike 3.0 licence. Any further distribution of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
into natural areas and widespread, ecologically damaging invasions (Raghu et al 2006, Richardson and Blanchard 2011) . This concern is driven by the fact that many of the traits that maximize biofuel crop biomass yield are synonymous with the ecological traits of successful invasive species. Such traits include rapid accumulation of biomass, short generative time, perennial growth form, disease and pest resistance, and tolerance to drought, low soil fertility, and saline conditions (Raghu et al 2006 , Barney and DiTomaso 2008 , 2010 , NISC 2009 .
The desirability of these traits in bioenergy crops is apparent in the proposed cultivation of several fast growing species with a long history of invasive spread. Figure 1 . Tools to evaluate the invasion risk of biofuel crops presented on a gradient from qualitative to quantitative methods across the stages (shaded arrow boxes) and barriers (hatched bars) of the invasion process. Tools near the qualitative end of the spectrum are characterized by dependence on literature-derived information while quantitative tools are focused on empirical data, experimental tests, and statistical analyses. The gradient also corresponds to the three-sieve approach to invasion risk assessment described by Davis et al (2010) Biofuel feedstock candidates such as giant reed (Arundo donax), miscanthus (Miscanthus sinensis), reed canary grass (Phalaris arundinacea), and Chinese tallow (Triadica sebifera) commonly appear on invasive species lists, thus their development as biofuel crops could clash with current efforts to manage these species (Davis et al 2010) . In addition, selecting for certain traits in biofuel crop cultivars may increase the risk of biofuels becoming invasive. For example, while the sterility of Miscanthus × giganteus (triploid hybrid between the invasive M. sinensis and M. saccharifloris) has reduced concerns about invasiveness of this bioenergy crop (Barney and DiTomaso 2008), new efforts have produced a cultivar with viable seed that will be less expensive to propagate (Ross 2011). Furthermore, invasion risk for biofuel crops may be heightened by the sustained propagule pressure associated with large-scale cultivation (Davis et al 2011 , Mack 2008 , Minton and Mack 2010 . The amount of land required in order for second-generation biofuel crops to meet biofuel production targets is expected to be in the millions of acres (Dale et al 2011), resulting in high potential for production and release of propagules. Biofuel feedstock may also be transported considerable distances to conversion facilities after harvest, further increasing the potential for release of propagules into natural areas (Barney and DiTomaso 2010). Given the projected widespread planting of biofuel crops, distinguishing between species or taxa that are likely to become invasive and those with low risk of invasion will minimize the potential for invasions and promote the sustainability of energy production from second-generation biofuel crops (Barney and DiTomaso 2008 , Cousens 2008 , Gordon et al 2011 . Here we define an 'invasive species' as one that is both non-native to an ecosystem (i.e. would not have occurred without human action) and causes ecological or economic impacts (Lockwood et al 2007) . We define 'invasion risk' as the likelihood that a species will become invasive. In this paper we review the current methods used to evaluate the invasion risk of non-native species, describe how biofuels provide a unique invasion risk situation, and provide specific recommendations for conducting experimental tests of invasion risk. Such tests have frequently been called for (e.g. Mack 1996, Barney and DiTomaso 2010) but thus far little guidance has been offered.
Current approaches for evaluating invasion risk
Biological invasions are the result of a non-native species progressing through a series of steps from introduction to naturalization to having widespread ecological impacts. As such, to become invasive a species must overcome the barriers between stages in the invasion process, and most approaches for predicting invasion risk focus on a species' ability to pass through specific barriers (figure 1). Tools to evaluate invasion risk range from qualitative tools such as expert evaluation to semi-quantitative tools, including weed risk assessments and climate matching, to quantitative, empirical tools that involve experimental tests in the field (figure 1).
The most basic of the existing invasion risk assessment tools is qualitative expert assessment, where experienced individuals use their knowledge to assess a species' likely invasiveness (Hulme 2011). The simplest of these approaches relies on the question of whether the species is invasive elsewhere outside its native range. In support of this approach, history of invasiveness correctly predicts invasion probability in a new range 90% of the time (Panetta 1993 , Gordon et al 2008b . However, the rapid increase in novel taxa (e.g. for biofuel crops) through hybridization, traditional crop breeding, and genetic modifications, means that the novel taxon may not have a sufficiently long introduction history elsewhere that can be used for predictive purposes. Additionally, the novel taxa may demonstrate such fundamental differences from the original or parent taxon that assessment of the original taxon is of limited value.
One of the most widely used risk evaluation tools is the Australian Weed Risk Assessment (WRA). The WRA is a semi-quantitative tool such that points associated with positive or negative answers to 49 questions about a species' current weed status in other parts of the world, climate and environmental preferences, and biological attributes are summed, and the total score is used to assign a high or low risk of invasion or the need for further information (Pheloung et al 1999) . The WRA is considered a semi-quantitative tool because there are scores associated with predictions that allow users to identify the probability of error associated with the different outcomes ( Despite the utility and accuracy of the WRA, there are limitations. Where new taxa are involved, one has to assume that the only traits that might differ from the parent plant(s) or wild type are those that were the subject of manipulation (e.g. sterility, cold tolerance, etc). However, stochastic processes and local interactions with biotic and abiotic features of ecosystems in a new range can greatly influence the establishment and performance of taxa (Hulme 2011, Minton and Mack 2010) . These complex processes and relationships are often nested, non-linear, and affected by temporal lags and positive feedbacks (Hulme 2011). Thus they are difficult to predict from the information used in the WRA. Additionally, the WRA does not always produce a conclusion about invasion risk. Even after implementation of a secondary screen (Daehler et al 2004) for species requiring further evaluation, on average 10% of species remain in that category (Gordon et al 2008a) . Furthermore, concerns have arisen about WRA assessor subjectivity and inconsistency (Davis et al 2011 , Hulme 2011 . Finally, because there is no penalty for answering 'unknown' for questions that lack supporting evidence, and only ten questions need to be answered to draw a conclusion, it is possible for the WRA to incorrectly indicate low invasion risk for species whose basic biology is relatively undocumented (Barney and DiTomaso 2008).
There may be specific limitations of the WRA for evaluating the invasion risk of biofuel crop species (Cousens 2008) . The interpretation of commonly used terms 'cultivation' or 'domestication' can become unclear in the context of biomass crops. For example, Question 1.01 in the assessment asks, 'Is the species highly domesticated?'. Assessors are instructed to answer 'yes' if the taxon has been intentionally selected over several generations for a particular trait or suite of traits that likely reduces weediness. This decreases the final score by three points, making it more likely that the plant will be accepted for introduction. However, answering 'no' does not penalize the final score towards a 'reject' outcome. Crops that are cultivated for biofuel feedstock differ from annual species that are primarily cultivated for food production in that breeding for ideal biomass crops may increase typical invasive characteristics (Barney and DiTomaso 2008) . This difference may result in underestimation of invasion risk for proposed biofuel crops that are close to the score cutoffs of invasion risk categories.
Weed risk assessment is sometimes conducted using other quantitative prediction tools that make use of demographic parameters derived from the literature or field studies in order to produce population dynamics models. In such demographic population models, invasion risk is determined by the population's ability to reproduce faster than the mortality rate (i.e. net population growth rate, λ). If these models output a λ > 1, this would indicate the potential for naturalized populations to increase, and to potentially become invasive (figure 1, Davis et al 2011). However, such models are only applicable to the conditions and habitats evaluated in a particular study. Similarly, the application of discriminant functions derived from life history and biological characteristics (e.g. height, per cent germination, and minimum juvenile period) can be used to calculate a 'Z-score', which can be used to separate invaders from non-invaders based on their probability of becoming widespread (figure 1, Richardson and Rejmánek 2004) . Invasion risk can also be assessed using climate data. Climate matching uses algorithms to identify locations that are at risk of being colonized by a non-native species on the basis of similarity to the temperature and rainfall parameters of the species' native range (Rodda et al 2007) . While climate characteristics and invasive potential do not always have a direct relationship, this tool gives a good indication of the potential for non-native species to colonize a new range (figure 1, Barney and DiTomaso 2011). Finally, a tool was recently developed to evaluate invasion risk based on biological traits but scaled to consider economic benefits (Schmidt et al 2012) . These approaches are quite valuable; however, the same difficulties arise with these tools as with the WRA when few life-history details for a species or cultivar are known.
These limitations suggest the need for a more holistic approach to screening taxa of potential economic value, like biofuels, where a fully precautionary approach may be overly restrictive. To that end, Davis et al (2010) proposed that new biofuels be subjected to screening with multiple sieves that might include all of the previously discussed tools, beginning with the WRA. If the WRA (sieve 1) is unable to produce an 'accept' or 'reject' outcome, quantitative predictive tools such as population dynamics models and climate matching (sieve 2) should be used. If the first two sieves conclude that a species is conditionally acceptable then they recommend that the proposed biofuel species should be further evaluated using experiments (sieve 3). Others have suggested that risk assessments should not be used for final conclusions on invasion risk and that crops should be further screened using in situ agronomic trials (Barney and DiTomaso 2008, 2010) . Further, it has been suggested that assessment be performed for all candidate genotypes and cultivars because ecological interactions and growth characteristics (i.e. invasion potential) can vary widely within a species (Casler et al 2004) . Here we outline the advantages, limitations, and potential research methods for such experimental tests of invasion risk.
Experimental tests of invasion risk
Experiments that evaluate the invasion risk of biofuel crop species and taxa will increase confidence in predictions of that risk by providing an additional source of information for tools such as the WRA and may resolve recommendations for species that fall into the WRA 'evaluate further' category. Several previous studies have experimentally assessed factors contributing to invasion risk. For example, Myers (1983) used a combination of greenhouse experiments and seeding trials in different habitats to predict sites that were susceptible to invasion by the non-native tree Melaleuca quinquenervia in southern Florida. More recently, Minton and Mack (2010) conducted field trials to investigate how founder population size and the amount of cultivation influenced the invasion potential of four non-native species. Davis et al (2011) expanded upon these approaches in an experiment to determine the role of disturbance and timing of introduction for the invasion success of the biofuel candidate Camelina sativa in rangeland ecosystems. While the value of experimental work is exemplified in these studies, a general framework for evaluating the invasion risk of biofuel crops is needed.
We draw upon the common threads of past experimental evaluations of invasion potential and make recommendations for future work. Because current invasion risk assessment methods poorly evaluate the ability of a species to spread locally and generate self-sustaining populations (figure 1), we focus on this barrier to invasion. Our recommendations include a series of incremental steps from small-scale experiments to determine a species' basic biological requirements, to experimental introductions across broad geographic networks ( figure 2 ). This stepwise approach should increase confidence in the evaluation of invasion risk of introduced biofuel crop species or taxon (hereafter 'species'). 
Greenhouse, growth chamber, and local field trials
The goal of small-scale, local experiments is to identify conditions that are favorable for germination, survival, and growth of proposed biofuel species. While experiments in such controlled environments cannot fully represent the more complicated invasion process, they can be valuable for informing subsequent experiments, which aim to identify habitats most susceptible to invasion. Further, when little is known about the basic biology and traits related to invasiveness of a species, contained experiments are an appropriate precautionary approach prior to field introductions. Preliminary common garden trials in a controlled outdoor setting may also be useful for determining requirements for establishment such as frost protection and insecticide application, which are difficult to approximate in a greenhouse (figure 2). Experimental treatments in growth chambers or greenhouses might include varying levels of moisture, nutrients, light, soil types, or herbivores and pathogens that are hypothesized to be important for determining establishment success.
Small-scale experiments have been used previously to better understand invasion risk of non-native species. For example, Myers (1983) evaluated how different water regimes affected time to germination, seedling height and biomass of M. quinquenervia. Treatments in their greenhouse experiment included seven different combinations of watering amount and frequency, and drainage frequency that corresponded to natural hydroperiod regimes found in different habitats in nature. They found that seedlings could survive extended periods under water and thus determined that areas with periodic flooding should be included as sites for their experimental field introductions (Myers 1983) . This work offers a useful model for initial experiments, but the approach taken for evaluating non-native biofuel candidates will need to be tailored to the species or plant functional group (e.g. grass, shrub, or tree) of interest. For example, germination and establishment requirements often vary widely among smallseeded grasses and larger-seeded trees, which differ greatly in stored resources that can be important for overcoming soil and litter barriers or immersion. In addition, propagule type (stem cuttings/fragments versus seed) may greatly influence when and where individuals might establish.
In general, the detail and extent of small-scale trials will vary among species and functional groups depending on how much is known about their biology. In addition, if multiple specific cultivars are proposed for introduction, each cultivar will need to be evaluated individually. General information about a species may accelerate this process by providing information about what factors are most important for establishment success, but we urge caution in applying results from one cultivar or genotype to other taxa. More broadly, information generated in small-scale experiments is vital for identifying habitats that are most susceptible to invasion, thereby increasing the efficiency of experimental introductions.
Experimental introductions
The next step in experimental evaluation is to assess the most important factors for establishment, survival, and reproduction in experiments that most closely simulate natural invasions (figure 2). Propagules including seeds, or stem fragments if the species reproduces vegetatively, should be scattered into test plots on the soil surface to mimic natural dispersal by wind or water, or disturbance treatments might be applied that result in propagules being buried by soil or leaf litter. We recommend collecting various performance measures include seedling germination and emergence, survival from emergence to maturity, and seed production. These measures can be used to calculate population growth rate (λ), which can be compared among species (Parker and Kareiva 1996) , and provide a measure of a species' ability to overcome reproductive limitations associated with barriers to naturalization and spread (figure 1). Evaluation of individual life-history stages using sensitivity analysis (Koop and Horvitz 2006) might help to determine best management practices (BMPs) to control or prevent naturalization and spread. However, it may not be possible to measure fecundity in limited experimental time frames for certain species, particularly for shrubs and trees. More importantly, allowing a potential invasive species to flower and reproduce may not be advisable depending on the location and extent of experiments. Even if fecundity measures cannot be attained, measurement of response variables should be continued for a minimum of two years, although we suggest collecting up to four years of data to overcome the influence of stochastic weather conditions. Evaluation of invasion risk needs to be based on both the attributes of introduced species and the specific environmental context; thus controlled introductions should occur at multiple sites that represent the range of land use types and natural communities that might be subjected to introductions (figure 2; Ewel et al 1999, Parker and Kareiva 1996) . Previous experimental work has demonstrated the value of repeating experiments in different environments. For example, Davis et al (2011) employed two historically disturbed rangeland ecosystems that differed in soil characteristics and species richness and observed that the emergence of the introduced non-native species differed between sites. Likewise, M. quinquenervia introduced into various community types (e.g. burned transition, drained pond cypress, bald cypressmixed hardwood, and mangrove) only survived for three years in certain habitats (Myers 1983) . Thus, while limited introductions into a few sites may provide some insights, these results suggest that the full range of potentially susceptible habitats needs to be evaluated in order to determine when and where invasions might occur.
Experiments might first be located at only one location or at several locations spaced at latitudinal intervals, but would eventually need to occur in potentially susceptible environments across the full regional or national target range for biofuel planting and dispersal potential (figure 2). Testing across a broad geographic network is valuable not only because invasion potential would be determined relative to different and changing climates, but also because it can increase predictive power in a short time frame by increasing spatial diversity. One possibility is that US Department of Agriculture (USDA) Plant Materials Centers and Service Areas (figure 2, http://plant-materials.nrcs.usda.gov/centers) could provide the distributed field sites appropriate for these tests. Information gained from experiments conducted across the regional or national network could then be integrated in a Geographic Information System (GIS) framework to provide predictive maps of invasion risk (Lindgren 2012) .
In addition to testing in different community and land use types, we also recommend that experiments consider the potentially important factors of disturbance, founder population size, and timing of introduction, by comparing these factors as treatments in split plot or block designs (Minton and Mack 2010 , Davis et al 2011 , da Silva et al 2011 . Disturbances such as changes in grazing pressure, fire regime, soil scouring, or removal of vegetation are known to be important drivers of invasion (Elton 1958) . Further, the type of disturbance and the habitat in which they occur (Burke and Grime 1996) can both affect invasion potential. In an experimental introduction, a disturbance treatment could be applied to individual plots (Davis et al 2011) or by introducing seeds into plots at sites where the entire area has been disturbed naturally (Myers 1983) . Using natural disturbances can accurately represent processes that occur in nature but it may prove difficult to find replicates and appropriate controls across a broad region.
Propagule pressure is also recognized as an important factor in facilitating invasion (Lockwood et al 2005) .
Experimental introductions should test different size founder populations in order to predict the level of propagule pressure needed to overcome stochastic processes and local circumstances that might affect establishment success (Minton and Mack 2010) . The number of individuals introduced should reflect hypothesized maximum and intermediate levels that could occur naturally. The timing of introduction should also correspond to the periods of time when propagules are most likely to be spread, such as during seed production and harvest and planting events. Ideal experimental introductions to assess invasion risk might occur in both spring and fall (Davis et al 2011, Parker and Kareiva 1996) using seed and potentially other propagules, and would be repeatedly tested over multiple years.
The development of BMPs that reduce invasion risk, which could be voluntary or regulated, are another avenue for investigation that can be coupled with introduction trials. Some practices may be advisable regardless of the species involved. For example, creating a cleared buffer around cultivation sites would allow for initial monitoring of spread. Such cleared areas could be surrounded by similar buffer zones with dense vegetation (e.g. turfgrass). The width of these buffers would be dependent on the likely distance of vegetative growth or seed dispersal, but might be 10 m for herbaceous species and 30 m for woody species (Cremer 1977) . Additional practices to reduce invasion risk would be dependent on more specific establishment traits of the species involved. One example of a BMP designed to reduce the probability of invasion has been developed by the University of Florida for five cultivars of Eucalyptus grandis. This BMP stipulates: (1) 75 ft planting distance from waterways, ditches, and wetlands; (2) planting in monoclonal blocks; (3) maintaining densely vegetated or bare soil perimeter buffers of 75 ft; (4) harvesting prior to seed maturation; and (5) monitoring for and eliminating seedlings within 200 ft of cultivation site (http://plants.ifas. ufl.edu/assessment/conclusions). Development of BMPs for other species and taxa could be accomplished by modifying this model using information derived from local trials and experimental introductions.
Limitations of experiments
Empirical methods will greatly increase our ability to assess the invasion potential of non-native bioenergy crops but there are limitations. Compared to non-empirical methods for assessing invasion risk, experiments require greater investments in time, money, labor, and space. As such, it has been suggested that experimental screening is not practical for all non-native or genetically engineered organisms proposed for introduction (Parker and Kareiva 1996) . However, we believe that it is reasonable to suggest that experimental screening should be performed for the entire, relatively small, pool of proposed non-native biofuel crop taxa. Questions still remain about who will be responsible for the cost and oversight of experimental evaluations, but one scenario is that evaluations are required as part of a standardized permitting process at the state or preferably federal level. Alternatively, such testing could be promoted as a voluntary code of conduct similar to compliance to best management practices for pesticide and fertilizer use in forestry (Chimera et al 2010) . The expense of conducting evaluations could be the responsibility of the importer or developer of the biofuel feedstock or others in the industry that will profit from the introduction. This approach is analogous to the testing of genetically modified organisms in the United States, which are regulated under the National Environmental Policy Act (Parker and Kareiva 1996) .
One of the other primary concerns of experimental evaluation is that introductions might result in invasions of non-native species into natural areas. However, in locations with particularly sensitive natural areas, risk of escape can be reduced by placement of experiments within an agricultural or developed landscape distant from conservation areas and by adopting cautionary measures to prevent individuals from spreading outside of the experimental introduction sites. Such actions should include constructing silt fencing or other barriers around plots to reduce the movement of seed, vegetation buffers, monitoring surrounding areas for escaped individuals, and removal of all individuals at the conclusion of the experiment. Experimental work with species with long-lived seedbanks or long distance propagule dispersal mechanisms would require additional precautions. Regardless of the design, all experiments should include protocols for monitoring and responding to off-site colonization-both for assessment and control of incipient spread.
Finally, caution is required when drawing conclusions about invasion risk. It is not logistically possible to test all of the possible scenarios under which establishment and invasion might occur and inferences can only be made confidently for locations with similar biotic and abiotic features to the experimental sites. Additionally, experiments may not be able to capture relatively rare events that might influence invasion risk such as weather extremes or pest outbreaks. Researchers will need to balance what is possible to test with the certainty of their conclusions, keeping in mind that our intent is to improve the probability with which we assess risk, rather than identify definitive outcomes.
Conclusions
Current risk assessment systems offer a useful starting point for evaluating the invasion risk of biofuel crops but are limited in their utility due to unavoidable uncertainty. Thus, more experimental, repeatable, geographically distributed tests will improve our ability to evaluate invasion potential (Davis et al 2010). While we will not be able to guarantee that 'acceptable' biofuel crops will never become invasive, experimental screening increases our ability to predict invasiveness. If the risk is high, the challenge will be to assess whether the cost of cultivation of a species is likely to exceed the potential benefit. This level of risk assessment will require coordination among all stakeholders involved, including agronomists, ecologists, industry experts, and economists. Information on invasion risk will have to be integrated into a larger regulatory framework at the state or national level in order to maximize economic benefits but minimize the risk of ecological damage. Through implementing experimental screening of invasion risk for non-native species or cultivars of biofuel crops, we can stimulate progress in the sustainable development of second-generation biofuels, and simultaneously promote practices that protect natural areas from potential invasions.
